(Middle) The BR particle (brown) is assembled on the gene (left), unfolds, and passes through the NPC. The BR RNA with some protein ends up in polysomes anchored to the endoplasmic reticulum (right). The RNA polymerases are depicted in blue and the ribosomes in green. The tripartite NPC core (black) and the nuclear and cytoplasmic fibers (pink) can be seen in the NPC. (Bottom) The presence of small nuclear RNP (snRNP) proteins, the cap-binding protein CBP20, and the two hnRNP proteins hrp45 and hr36 in the BR particle. large also after splicing, a feature that has made it possipositioning the particle in front of the entrance to the central channel of the NPC (see below). ble to visualize ultrastructurally the assembly of the BR particle on the gene and the transport of the particle to After the docking of the BR particle on the top of the central plug, the RNP ribbon enters the channel and is and through the nuclear pores (Figure 1 ). Concomitant with transcription, proteins bind to the growing RNA simultaneously straightened out (Figure 2d ). It has been revealed that the ribbon of the particle always passes molecule, and a loosely coiled thin RNP fibril can be seen. Subsequently, this fibril is tightly packed into a through the central channel with the 5Ј end of the transcript in the lead. Concomitant with translocation, the short ribbon, which is gradually bent into a ring. The completed particle, which contains four well-defined doribbon is also gradually unpacked, and when it reaches the cytoplasm, the thin RNP fibril is almost fully unfolded mains and has a diameter of 50 nm, is released into the nucleoplasm. When passing through the nuclear pore, (Figure 2e ). No BR particle is reconstituted outside the pore, but instead ribosomes can be seen attached to the bent ribbon of the particle unrolls, and the tightly packed RNP fibril unfolds and extends into the cytothe leading end of the RNP fibril, indicating that protein synthesis is initiated immediately upon the translocation plasm.
The translocation of the BR RNP particle and its interof the mRNA into the cytoplasm (Figure 2f ). The finding that the 5Ј end of the transcript is in the lead during action with the NPC has been studied in considerable detail by several different electron microscopy aptranslocation agrees with the notion that the RNA molecule is involved in the initiation of protein synthesis improaches, including electron tomography (Mehlin et al., 1992) and high resolution scanning electron microscopy mediately upon entry into the cytoplasm. The fate of some of the proteins of the BR granules (Kiseleva et al., 1996) , and the results are summarized in Figure 2 . The ring-like BR particle first binds to the during translocation has been revealed recently ( Figure  1 , bottom). One protein, hrp36, a homolog to the mamnuclear fibers projecting into the nucleoplasm ( Figure  2a) . A small terminal ring, connecting the tips of the malian hnRNP A1, is added along the BR transcript concomitant with transcription. It remains bound to the RNA fibers, appears, and a basket is formed. The ring expands to accomodate the large particle, which concomiinside the nucleus, accompanies the unfolding RNA during the passage through the nuclear pore, and also aptantly passes through it ( Figure 2b ). The particle docks in front of the central channel of the plug (Figure 2c) , pears in the polysomes, still distributed along the entire RNA molecule (Visa et al., 1996a) . A second protein, and subsequently the terminal ring of the basket seems to dissolve (Figure 2d ). Thus, the components of the hrp45, a homolog to the mammalian splicing factor ASF/ SF2, also binds along the growing RNA molecule during basket are reorganized in a conspicuous manner when the BR particle is bound to and enters the NPC. The transcription and remains associated with the RNA until the RNA reaches the pore (Alzhanova-Ericsson et al., nuclear fibers and the basket seem to anchor the particle to the NPC, and they probably also assist in properly 1996). However, this protein is released prior to the entry the pore, agrees with the observation in mammalian cells that some hnRNP proteins are shuttling while others are not (Pinol-Roma and Dreyfuss, 1992) The BR data suggest that the shuttling hnRNP proteins probably pass through the pore together with RNA and that the discrimination between shuttling and nonshuttling proteins takes place at the nuclear pore. It has been proposed that the nonshuttling proteins have to be actively removed from the pre-mRNP complex before transport, because they contain a nuclear retention signal that otherwise would prevent the transport of the entire RNP complex (Nakielny and Dreyfuss, 1996) . RNA export is a signal-mediated, energy-dependent process, involving the Ran GTPase cycle in one or more steps . A signal in the mRNP particle (and the corresponding receptor in the NPC) could a priori participate in the binding of the particle to the NPC, in the opening of the putative gate to the channel, or in the translocation of the particle through the NPC. That the BR particle enters the channel with its 5Ј end in the lead suggests that one or more specific features of the particle, and not only the RNP particle as such, have to be recognized at the nuclear side of the NPC. This recognition could be accomplished already when the particle is attached to the nuclear fibers, but more likely is accomplished when it docks at the entrance to the channel. One interesting possibility is that the particle's cap structure and the cap-binding complex recognize a receptor at the very entrance to the central channel; the gate is opened; and the 5Ј end passes into the channel first. Such a mechanism would agree with the observation in amphibian oocytes that the cap structure is essential for the export of small nuclear RNAs and that it facilitates the transport of hnRNA (Jarmolowski et al., 1994) . Furthermore, it has been shown in oocytes that the cap-binding complex is likely to be involved in the export of RNA . Finally, it has been demonstrated in the BR system that the cap-binding protein CBP20 remains bound to the 5Ј end of the BR transcript upon translocation through the channel and is not released until the RNA molecule extends into the cytoplasm (Visa et al., 1996b; Figure 1) . Thus, the cap-binding complex could serve as a signal for the recognition of the 5Ј end of the RNP particle at the entrance to the central channel. Such long RNP fibril is properly fed from one end into the central channel. of the RNP complex into the central channel and never
Once the gate has been opened, the unfolding RNP appears in the cytoplasm in conjunction with the mRNA particle could move through the channel by diffusion or molecule. Thus, both hrp36 and hrp45 behave as classic perhaps more likely by a directed mechanochemical hnRNP proteins in the sense that they are abundant process. In this context, it is interesting to consider the proteins bound along the pre-mRNA molecule and acinformation available on the shuttling hnRNP protein A1, company the spliced RNA to the pore. This is in sharp which has been implicated in mRNA export (Pinol-Roma contrast to small nuclear RNP proteins, which are assoand Dreyfuss, 1992) . Recently, it has been shown that a ciated only with the intron regions of the RNA and appear 38-amino acid-long domain in A1 functions as a nuclear just during the splicing events (Kiseleva et al., 1994) , the export signal, suggesting that the protein could act as 5Ј introns being spliced concomitant with transcription a carrier for RNA during export to the cytoplasm (Michael and the 3Ј intron shortly after the cessation of transcripet al., 1995) . One possibility is that A1 interacts, directly tion (Bauré n and Wieslander, 1994; Figure 1) . The finding or indirectly, with proteins in the NPC and allows translothat hrp45 leaves the particle at the pore, while hrp36 cation of RNP through the NPC. Protein A1 is likely to be present in many copies along the transcript (compare remains bound to the RNA during the passage through Kiseleva, E., Goldberg, M.W., Daneholt, B., and Allen, T.D. (1996) . the A1-like hrp36 along the BR transcript), and it could J. Mol. Biol. 260, [304] [305] [306] [307] [308] [309] [310] [311] participate in a process that in a repeated stepwise Kiseleva, E., Wurtz, T., Visa, E., and Daneholt, B. (1994) . EMBO J.
fashion feeds the unfolding RNP fibril through the central 13, 6052-6061. channel. Recently, it has been proposed that another Mehlin, H., and Daneholt, B. (1993). Trends Cell Biol. 3, 443-447. protein, termed transportin, could also be involved in Mehlin, H., Daneholt, B., and Skoglund, U. (1992) . Cell 69, [605] [606] [607] [608] [609] [610] [611] [612] [613] the transport process (Pollard et al., 1996) . Transportin Michael, W.M., Choi, M., and Dreyfuss, G. (1995) . Cell 83, [415] [416] [417] [418] [419] [420] [421] [422] binds to a nuclear localization signal (NLS) in protein A1 Nakielny, S., and Dreyfuss, G. (1996 ). J. Cell Biol. 134, 1365 -1373 and is responsible for the import of A1 into the cell Panté , N., and Aebi, U. (1996) . Crit. Rev. Biochem. Mol. Biol. 31, nucleus; this pathway is different from the importin- 153-199. mediated, classic NLS pathway. Because the NLS doPinol-Roma, S., and Dreyfuss, G. (1992) . Nature 355, [730] [731] [732] main is identical to the nuclear export signal, however, Pollard, V.W. Michael, W.M., Nakielny, S., Siomi, M.C., Wang, F., it is conceivable that transportin is bound to A1 also and Dreyfuss, G. (1996) . Cell 86, [985] [986] [987] [988] [989] [990] [991] [992] [993] [994] during the export of mRNA and could function as a Visa, N., Alzhanova-Ericsson, A.T., Sun, X., Kiseleva, E., Bjö rkroth, cycling receptor responsible for both A1 import and RNA NPC centers around the information available on the BR RNP particle. A series of consecutive steps has been defined during translocation: binding of the RNP particle to the nuclear fibers, transient appearance of a basket, docking of the particle in front of the entrance to the central channel, shedding of the nonshuttling proteins, unpacking of the particle, movement of the thin RNP fibril with its 5Ј end in the lead through the channel, exit into the cytoplasm, release of the cap-binding complex, and finally initiation of protein synthesis. It still remains to be shown whether other hnRNP complexes behave similarly during translocation through the pore. The basic structural element, the RNA-hnRNP protein fibril, is likely to have similar properties in hnRNP in general as in BR particles, but in most hnRNPs the fibril is usually much shorter, which could facilitate transport and require less dramatic conformational changes of the RNP complex itself and less conspicuous modifications of the basket and the central plug (with its channel). It is, however, conceivable that the BR particle, just because of its size, will remain a useful tool in the further molecular analysis of signal-receptor interactions and the nature of the translocation mechanism. It should be possible to manipulate the soluble and NPC-bound transport machinery (e.g., by injection of antibodies or competitive peptides) and to visualize directly the effects on the behavior of the RNP particle upon passage through the NPC. Such an approach will, of course, rely heavily on continuous progress in the analysis of the molecular architecture of the NPC and the revelation of the key components of the RNA transport machinery.
